Dimeric Fc receptor (FcR) nonbinding anti-CD3 antibodies have been developed to minimize toxicities associated with classical anti-CD3 monoclonal antibodies (e.g., OKT3). Studies with murine analogs of non-FcR-binding antibodies have shown reduced mitogenicity compared to OKT3. In a trial of an FcR nonbinding humanized anti-CD3 mAb hOKT3g1(Ala-Ala) for treatment of patients with type 1 diabetes, we found significant increases in IL-10 and IL-5 in the serum of 63% and 72% of patients, respectively, and TNFa and IL-6 levels that were lower than those previously reported following OKT3 therapy. The activation signal delivered by hOKT3g1(Ala-Ala) was associated with calcium signaling and cytokine production by previously activated human cells in vitro. However, the production of IL-10, compared to IFN-g on a molar basis, was greater after culture with hOKT3g1(Ala-Ala) than with OKT3. Flow cytometric studies confirmed that OKT3 induced IFN-g and IL-10 production, but hOKT3g1(Ala-Ala) induced only detectable IL-10 production in CD45RO + cells. Moreover, in vivo, we found IL-10 + CD4 + T cells after drug treatment.
Introduction
patient groups, including those with type 1 diabetes mellitus. Two side effects of importance are the T cell activation that occur in vivo, leading to the cytokine release syndrome, and the development of human anti-murine Ab's (17) (18) (19) (20) . The cytokine release syndrome involves cross-linking of the mAb through binding to the Fc receptor (FcR), activation of T cells in vivo, and release of IL-6 and TNF-α. In an effort to eliminate the toxicity and the development of human anti-mouse Ab's that occur with OKT3, Xu, Zivin, and Bluestone "humanized" the Ig molecule and substituted alanines for leucines at positions 234 and 235 to render the IgG1 molecule FcR nonbinding (21, 22) . Initial studies with this drug showed that the mutation resulted in a 3 log-fold reduction in proliferation in vitro compared with OKT3, with decreased production of TNF-α and IL-6. The expression of early activation markers, including Leu23 and IL-2R following culture with drug, were reduced compared with culture with OKT3, while the binding and modulation properties of the anti-CD3 mAb and its ability to block cytotoxic T lymphocyte (CTL) activity were similar to OKT3 (21) . In a clinical study, the FcR nonbinding anti-CD3 mAb, hOKT3γ1(Ala-Ala) was shown to reverse renal and renal/pancreas allograft rejection in five of seven patients without clinical signs of T cell activation in vivo, consistent with the notion that the anti-CD3 mAb was "non-activating" (22) (23) (24) . However, all of these patients were given other immune suppressive agents at the time of drug administration; therefore, the effects of the anti-CD3 mAb on T cell activation could not be determined.
Further studies with FcR nonbinding anti-CD3 mAb's have suggested that this form of anti-CD3 mAb can inactivate selective subsets of T cells (25, 26) . Studies by Smith and Tang et al. indicated that FcR nonbinding anti-CD3 mAb induced anergy of previously activated Th1 cells, but Th2 cells and naive T cells were not inhibited. This effect was fundamentally different from the FcR binding anti-CD3 mAb that induced cytokine release and proliferation of T cells. The mechanism that accounted for the induction of anergy was not clear. It had been thought that the FcR nonbinding anti-CD3 mAb was nonactivating, since calcium signaling and cell proliferation was not observed in vitro. Nonetheless, other studies suggested that a signal is delivered to T cells, is quantitatively different from activating anti-CD3, and resulted in a qualitatively different outcome. Moreover, the relationship between the induction of anergy on cell subsets in vitro and immune regulatory cells in vivo has not been established.
Patients with new onset type 1 diabetes mellitus were administered hOKT3γ1(Ala-Ala) in a Phase I/II trial (27) . This was the first reported experience with this anti-CD3 mAb given without other immune suppressive agents, which may have affected the activation of T cells or the ability of the anti-CD3 mAb to induce signals that may lead to toleragenic activity. We observed mild symptoms of T cell activation and an unusual rash suggesting that there had been activation of T cells in vivo. This prompted us to examine the effect of the drug on T cell activation in vivo and in vitro to determine whether the drug may induce T cell signaling and how this signaling may affect immune responses. Our data suggest that treatment with hOKT3γ1(Ala-Ala) delivers a signal to T cells causing release of cytokines that may have a role in immune regulation in type 1 diabetes.
Methods

Treatment of patients with hOKT3γ1(Ala-Ala).
A total of 20 patients received hOKT3γ1(Ala-Ala) in a randomized control trial of the drug for treatment of new onset type 1 diabetes mellitus. Data on the first 12 subjects have been published (27) . The patients all had type 1 diabetes for ≤ 6 weeks before the drug was administered. There were 14 men and 6 women with an average age of 14 ± 1.2 years. The drug dosing was modified after treatment of the first 12 patients to increase the coating and modulation of the CD3 molecule in vivo. The drug was given intravenously at doses as follows: day 1, 1.42 µg/kg; day 2, 5.67 µg/kg; day 3, 11.3 µg/kg; day 4, 22.6 µg/kg; days 5-14, 45.4 µg/kg for patients 1-12. For patients 13-20, the doses were: day 1, 450 µg/m 2 ; day 2, 919 µg/m 2 , days 3-12, 1,818 µg/m 2 .
Patients were questioned about side effects daily. All patients gave informed consent or assent, if under age 18. This protocol was approved by the Institutional Review Boards at Columbia University, the University of Utah, the University of California, San Francisco, and the National Institute of Diabetes and Digestive and Kidney Diseases.
Measurement of cytokines in the serum of drug-treated patients. Serum samples were collected before, 1, 2, and 4 hours after the drug was administered on days 1, 2, 5, and 6, for patients 1-12 and days 1, 2, 3, and 4 for patients [13] [14] [15] [16] [17] [18] [19] [20] . These days corresponded to the first and second initial doses of the drug and the first and second full doses of the drug during the two dosing protocols. Cytokines were measured by ELISA. IL-10, IL-6, TNF-α, IFN-γ, and IL-2 were from Biosource Europe SA (Niuelles, Belgium) and IL-5 was from Immunotech (Marseilles, France). Because of the volume of serum required, measurements could be completed for IL-5 in 18 patients; IFN-γ, IL-6, TNF-α, and IL-2 in 19 patients; and IL-10 in 20 patients. The lower limits of detection of these assays were 20 pg/ml for IL-2, 8.0 pg/ml for IL-5, 5.0 pg/ml for IL-6, 10.0 pg/ml for IL-10, 20 pg/ml for IFN-γ, and 1 pg/ml for TNF-α. There were detectable levels of cytokines in the serum of patients before treatment as follows: IL-2, -0/18; IL-5, 10 of 18 patients (mean = 22.6 pg/ml, range = 9-70 pg/ml); IL-6, 3 of 18 patients (mean = 20.3 pg/ml, range = 6-26 pg/ml); IL-10, 3 of 18 patients (mean = 37 pg/ml, range = 21-57 pg/ml); IFN-γ, 1 of 18 patients (30 pg/ml); TNF-α, 14 of 18 patients (mean = 36 pg/ml, range = 6-189 pg/ml).
Analysis of cell surface markers by flow cytometry. PBMCs were isolated from the blood of patients undergoing treatment with hOKT3γ1(Ala-Ala) by Ficoll-Hypaque gradient centrifugation. The cells were stained with mAb's to CD4, CD8, CD25, CD69, CD62L, CTLA-4, CD45, CD45RO (PharMingen, San Diego, California, USA), and TGF-β (R&D Systems Inc., Minneapolis, Minnesota, USA) in PBS with 1% BSA and 0.1% NaN 3 , and analyzed on a FACScan or FACScalibur cytometer. Data from a total of 10,000 lymphocytes were collected, and were analyzed with CellQuest software.
Calcium flux studies. The mobilization of intracellular calcium was studied in previously activated T cells using described techniques (28) . To prepare these cells, PBMCs from normal donors were stimulated with phytohemagglutinin (PHA) (2 µg/ml; Sigma-Aldrich, St. Louis, Missouri, USA) in RPMI with 10% FCS, N- [2-hydroxyethyl] piperzine-N-[2-ethanesulfonic acid] (HEPES), glutamine, 2-mercaptoethanol (2ME), and antibiotics for 3 days and then harvested, washed, and placed in culture with rIL-2 (25 U/ml) for 8-10 days. Dead cells and debris were then removed by FicollHypaque gradient centrifugation, and the cells were suspended in HBSS and loaded with indo-1 (indo-1/acetoxymethlester) and the detergent Pleuronic (Molecular Probes Inc., Eugene, Oregon, USA) in HBSS for 45 min at 37°C. The cells were washed and kept at 4°C until analysis. They were then warmed to 37°C and analyzed on a Mo-Flow cytometer, first in HBSS alone, and then with the addition of anti-CD3 mAb's, followed by rabbit anti-mouse Ig (RAM) Ab (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA). The fluorescence at 390/20 and 530/20 nm for bound and free probe, respectively, were collected. To calculate the percentage of responding cells, the background staining (with HBSS alone) was subtracted from the staining in the presence of anti-CD3 mAb and RAM Ab.
Stimulation of T cells in vitro.
PBMCs were isolated from normal donors (n = 10) and patients with type 1 diabetes of duration 1-24 years (n = 10) and placed in culture in wells coated with goat anti-mouse Ab (1 µg/ml) at 2 × 10 6 cells/ml in RPMI with 10% FCS, HEPES, 2ME, penicillin/streptomycin, and glutamine with or without OKT3 (1 µg/ml), or hOKT3γ1(Ala-Ala) (1 µg/ml) with or without soluble anti-CD28 mAb (1 µg/ml). After 72 hours, the culture supernatants were harvested. The concentrations of cytokines in the supernatant fluids were measured with cytometric bead array (CBA) beads by flow cytometry (Becton Dickinson, San Jose, California, USA). The lower limits of detection of cytokines in this assay were IFN-γ, 20 pg/ml; IL-10, 3 pg/ml; and IL-5, 3 pg/ml.
Separation of CD45RO +/-and CD45RO -T cells. To study the effects of anti-CD3 mAb's on T cell subsets, T cells were purified from PBMCs by staining with paramagnetic beads (Miltenyi Biotec, Auburn, California, USA) and separation with magnetized columns. The purified T cells were then further separated into CD45RO + and CD45RO -cells by staining with anti-CD45 paramagnetic beads and a magnetized column (Miltenyi Biotec). The cells were stimulated for 6 hours with anti-CD3 and anti-CD28 mAb's in the presence of monensin and stained for surface CD3 and CD45RO and intracellular cytokines as described above and below.
Intracellular cytokine staining. Freshly isolated PBMCs were cultured for 6 hours with OKT3, 1 µg/ml, or hOKT3γ1(Ala-Ala), 1 µg/ml, in the presence of monensin. They were then washed and stained with mAb to cell surface markers CD45RO and CD3. The cells were washed and resuspended in Cytofix/Cytoperm (PharMingen) solution for 20 min at 4°C. Cells were washed twice with Perm/Wash solution and then resuspended in Perm/Wash and stained for intracellular cytokines at 4°C for 45 min. Cells were washed twice with Perm/Wash and analyzed on a FACSCalibur instrument. Electronic gates were placed around the CD3 + CD45RO + or CD3 + CD45RO -cells to identify cytokine production within these populations. The percentage of positive cells staining for a cytokine was calculated after subtracting the background staining with an isotype control mAb and dividing by the total number of cells of an identified phenotype.
PBMCs from drug-treated patients were also stained for intracellular cytokines, IFN-γ, and IL-10, and cell surface markers. Frozen PBMCs isolated before or at specified time points after drug treatment were thawed and then cultured for 6 hours in monensin with or without anti-CD28 mAb. The cells were then stained with Ab's against CD3, CD4, or CD8, CD25, CD45RO, CD62L, TGF-β, permeabilized, stained for intracellular IL-10, IFN-γ (PharMingen), or CTLA-4 and then analyzed on a flow cytometer. To confirm the specificity of staining, IL-10 (0.5 µg/10 6 cells) was added to replicate tubes during staining for intracellular IL-10. Data were collected on approximately 150,000 lymphocytes. Electronic gates were placed around cells with positive staining (i.e., above background staining with isotype control mAb's) for CD4, IL-10, or CD45RO.
Data analysis. Data are presented as mean ± SEM data from replicate experiments or the indicated number of subjects. Continuous and nominal variables were compared with a Mann-Whitney or Fisher exact test, respectively. Cytokine data were compared after log transformation.
Results
Release of cytokines during treatment with hOKT3γ1(Ala-Ala).
Twenty patients with recent onset type 1 diabetes received a 12-(protocol 1) or 14-day (protocol 2) course of the anti-CD3 mAb hOKT3γ1(Ala-Ala). A description of the treatment group and the effects of the drug on clinical disease in the first 12 patients have been published (27) . The clinical symptoms that occurred during administration of hOKT3γ1(Ala-Ala) consisted of fever in 62%, rash in 81%, and less commonly, myalgia in 14%, arthralgia in 14%, and headache in 33% of the patients. In comparison with the clinical experience with OKT3 in transplant recipients, the symptoms seen with hOKT3γ1(Ala-Ala) were milder and of brief duration, occurring on the first day the maximal dose was given.
We measured the levels of cytokines in the serum of patients before and after administration of the first two escalating and the first two maximal doses of the drug ( Figure 1 ). The peak levels of cytokines occurred either following the second of the escalating doses of drug or following the first full dose of drug and were, on average, higher with the second dosing protocol. Drug treatment caused release of detectable levels of TNF-γ and IL-6 in 20 of 20 and 16 of 19 (9 of 11 in protocol 1 and 7 of 8 in protocol 2) subjects, respectively. Release of IFN-γ in 5 of 20 (1 of 12 in protocol 1 and 4 of 8 in protocol 2) and IL-2 in 3 of 20 (0 of 12 in protocol 1 and 3 of 8 in protocol 2) were infrequent and seen more often with the second dosing protocol. However, IL-5 and IL-10 levels increased in 16 of 19 (9 of 11 subjects in protocol 1, 7 of 8 subjects in protocol 2), and 13 of 20 (7 of 12 subjects in protocol 1 and 6 of 8 subjects in protocol 2), respectively (P < 0.01 and < 0.04 IL-10 versus IFN-γ or IL-2; P < 0.01 IL-5 versus IFN-γ or IL-2), and were higher than levels of IL-2 and IFN-γ.
Expression of activation markers on T cells during treatment with hOKT3γ1(Ala-Ala).
These symptoms and release of cytokines suggested T cell activation in vivo. To determine which cells were affected and whether there was phenotypic evidence for T cell activation, we studied the expression of the activation markers, CD25 and CD69, on peripheral blood T cells (Figure 2 ). Before treatment, CD25 was expressed on 11.8% ± 1.1% of CD4 + T cells and 0.36% ± 0.1% of CD8 + T cells. CD69 was expressed on 0.26% ± 0.07% of CD4 + and 1.01% ± 0.22% of CD8 + T cells. The expression of CD25 on CD4 + T cells was lower on average than that seen with cells from seven normal control subjects studied in the same assay (19.7% ± 3.42%, P = 0.02), consistent with previous reports of reduced numbers of CD25 + CD4 + T cells in patients with new onset type 1 diabetes mellitus (29) . During mAb treatment the expression of CD25 increased on the CD4 + cells to 16.7% ± 0.26% (P < 0.002) and on a smaller percentage of the CD8 + cells to 1.57% ± 0.36% (P = 0.0001). The expression of CD69 increased on the CD8 + cells (to 6.88% ± 1.52%, P < 0.0005) and on a smaller percentage of the CD4 + cells (2.97% ±0.53%, P < 0.0001). These activation markers were transiently expressed -by day 30 the percentage of CD4 + CD25 + and CD8 + CD69 + cells was at or below pretreatment levels ( Figure 2) .
The increase in the proportion of CD4 + CD25 + cells may have been due to an expansion of a CD4 + CD25 + subpopulation that has been shown to have "regulatory" function, rather than acquisition of CD25 on a previously CD25 -population. The former, CD4 + CD25 + regulatory cells, can be identified by their expression of high levels of CD62L (L-selectin) (30) . However, an increase in this population was not the explanation for the increase in the CD4 + CD25 + population, because the expression of CD62L was reduced on the CD25 + CD4 + T cells in four of five patients in whom this analysis was done (Figure 3) .
FcR nonbinding anti-CD3 mAb causes calcium flux and cytokine production in previously activated T cells. Our observations suggesting that hOKT3γ1(Ala-Ala) induced T cell activation in vivo were unexpected, since in previous clinical studies there were not symptoms of cytokine release. However, in the other trials, the drug had been administered in the presence of other immune-suppressive agents that may have blocked signs and symptoms of T cell activation. Furthermore, our finding of IL-10 and IL-5, but not IFN-γ and IL-2, suggested a pattern of activation different from conventional immunostimulants.
To test whether hOKT3γ1(Ala-Ala) induces a calcium flux, an indication of activation, we compared calcium flux during culture with hOKT3γ1(Ala-Ala) to culture with OKT3 in previously activated T cells (Figure 4 ). T cells, previously activated with PHA and IL-2, were loaded with the calcium dye indo-1, and calcium release was studied following addition of drug or OKT3 with a cross-linking anti-rabbit Ab by flow cytometry. In four separate experiments, the addition of OKT3, 1 or 10
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Figure 1
Cytokine levels following administration of hOKT3γ1(Ala-Ala). The levels of cytokines in serum were measured as described in Methods.
The average (± SEM) of the highest level of cytokines following drug administration on days 1, 2, 5, and 6 (first 12 patients) or days 1, 2, 3, and 4 (patients 9-20) for each patient in the two dosing protocols (see Methods) are shown. ptl, protocol.
Figure 2
Expression of CD25 and CD69 on peripheral T cells in patients receiving hOKT3γ1(Ala-Ala). The percentage of CD4 + and CD8 + cells expressing CD25 and CD69 are shown before, during, and after treatment with hOKT3γ1(Ala-Ala). There was a significant increase in the percentage of CD4 + CD25 + (P = 0.0015), CD4 + CD69 + (P < 0.0001), CD8 + CD25 + (P = 0.0001), and CD8 + CD69 + (P < 0.0005) T cells at day 7 (for the first 12 patients) or day 8 (for patients 9-20).
µg/ml, with rabbit anti-mouse Ab to cross-link the mAb induced calcium flux in an average of 4.4% and 7.7% of the cells. Cells cultured with 10 µg/ml or 1 µg/ml of hOKT3γ1(Ala-Ala) showed calcium flux in 4.8% and 11.1% of the cells, respectively, in the same experiments. Whereas OKT3 induces both IL-10 and IFN-γ production by CD45RO +/-T cells, hOKT3γ1(Ala-Ala) induces IL-10 production. Thus, both forms of anti-CD3 mAb induced calcium flux in T cells. To determine whether this signal caused similar cytokine production, we cultured PBMCs from normal individuals and patients with type 1 diabetes, in the presence of OKT3 or hOKT3γ1(Ala-Ala) and anti-CD28 mAb, and measured cytokines released in the supernatants (Table 1) . Compared with nondiabetic control subjects, diabetic subjects produced higher levels of IL-5 in response to either anti-CD3 mAb with anti-CD28 mAb, but the differences were not statistically different; the production of other cytokines was similar in diabetic and control subjects (P = 0.2 for both Ab's). The amount of all cytokines produced in the presence of drug was significantly less than that produced in the presence of OKT3. Despite the reduced overall levels of cytokine production, when compared on a molar basis, there was greater relative production of IL-10 compared with IFN-γ when cells were cultured with the drug and anti-CD28 mAb compared with OKT3 and anti-CD28 mAb (P < 0.001). In other studies (not shown), and similar to previously reported studies, culture of the cells with the hOKT3γ1(Ala-Ala) did not induce cellular proliferation (31, 32) .
The levels of cytokines in the supernatants reflect both the number of activated cells as well as the amount of cytokine produced by individual cells. Furthermore, previous studies had indicated that the activation state of the cell may affect the response to anti-CD3 mAb. Therefore, to differentiate cytokine production in individual naive and memory T cells, we studied the cytokine production by CD45RO + and CD45RO -T cells freshly isolated from peripheral blood to OKT3 or hOKT3γ1(Ala-Ala) by flow cytometry ( Table 2) . Culture of T cells with OKT3 induced IFN-γ in a significantly greater proportion of CD45RO + T cells than hOKT3γ1(Ala-Ala) (P = 0.02). An equivalent proportion of CD45RO + cells stained with mAb to IL-10 following culture with the two anti-CD3 mAb's. There was also a tendency for increased frequency of IL-2-producing cells following incubation with OKT3 as compared with hOKT3γ1(Ala-Ala), but the difference between the two culture conditions was not statistically significant (P = 0.08). Less than 1% of CD45RO -cells produced IFN-γ or IL-2 with either mAb. A smaller proportion of CD45RO -cells produced IL-10 compared with CD45RO + cells, but the proportion of CD45RO -cells responding to the two mAb's was similar.
The expression of IFN-γ and IL-10 with OKT3 and the expression of IL-10 without IFN-γ and with
Figure 3
Downmodulation of CD62L on CD4 +/-CD25 +/-T cells during treatment with hOKT3γ1(Ala-Ala). PBMCs were isolated from patients before and after treatment with hOKT3γ1(Ala-Ala). The cells were stained with mAb's to CD4, CD25, and CD62L, or isotype controls. Electronic gates were placed around CD4 + lymphocytes, and the percentage of the CD4 + cells staining with CD25 (left panels) or CD62L (right panels) are shown. These data are from a single patient, representative of four of five patients in whom this analysis was performed. The expression of CD62L was reduced on the CD4 + CD25 + population of cells.
Figure 4
Density plot of calcium flux in recently activated T cells cultured with OKT3 or hOKT3γ1(Ala-Ala). An aliquot of cells that had been cultured with PHA followed by IL-2 were loaded with indo-1 and placed in culture (at 37°C) in HBSS alone, followed by OKT3 (top) or hOKT3γ1(Ala-Ala) (bottom) (1 µg/ml) with the addition of RAM at the indicated times (in seconds). The ratio of FL5/FL6, indicates intracellular calcium levels in individual cells, where an increased ratio reflects increased intracellular calcium. The addition of either hOKT3γ1(Ala-Ala) or OKT3 followed by cross-linking Ab led to increase in intracellular calcium.
hOKT3γ1(Ala-Ala) was confirmed in additional studies with populations of purified CD45RO + and CD45RO -cells stimulated with anti-CD3 and anti-CD28 mAb's ( Figure 5 ). In these studies, IFN-γ and IL-10 was induced in CD45RO + cells cultured with OKT3 and anti-CD28 mAb, whereas only IL-10 was expressed in these cells cultured with hOKT3γ1(AlaAla) and anti-CD28 mAb. Less than 1% of CD45RO -cells expressed cytokine with either anti-CD3 mAb.
Treatment with hOKT3γ1(Ala-Ala) results in induction of IL-10 + CD4 + T cells in vivo.
The chronic effects of drug treatment on T cell function may be different from the acute activation events that were characterized by the release of cytokines after the initial doses of the drug. Furthermore, the cytokine release that occurred following the initial doses of the drug may affect the functional properties of cells that differentiate in the presence of the cytokines. For example, IL-4 or IFN-γ affects the differentiation of undifferentiated T cells into Th1 or Th2 cells (33) . Likewise, human type 1 regulatory cells (Tr1) were initially identified as cells that had been activated in the presence of IL-10 and rendered anergic (34) . We therefore studied PBMCs from six patients who had been treated with hOKT3γ1(Ala-Ala) for evidence of cells of a differentiated phenotype that may persist after the initial doses of drug. Cells were harvested from drug-treated patients before and after treatment with the mAb and cultured for six hours in vitro in the presence of monensin and anti-CD28 mAb, but without additional anti-CD3 Ab. The cells were then stained for surface and intracellular markers and analyzed by flow cytometry. We identified a subpopulation of IL-10 + CD3 + cells in five of six drug-treated patients at the conclusion of drug treatment ( Figure  6a) . We confirmed the specificity of staining for IL-10 by demonstrating the ability of unlabeled IL-10, added during staining, to block binding of the anti-IL-10 mAb (data not shown). The IL-10 + T cells were seen in the PBMCs even without the addition of anti-CD28 mAb to the cultures, suggesting that the production of IL-10 by these cells had occurred in vivo without the need for costimulatory signals. There was no detectable IFN-γ production by these cells.
The IL-10 + CD3 + cells were CD4 + . On day 12 of treatment, when 10.4% ± 2.5% of the CD4 + cells were IL-10 + , < 0.3% of the CD8 + cells were IL-10 + . The IL-10 + CD4 + cells were seen after the conclusion of drug treatment. One week after the last dose of drug, at time at which the level of coating and modulation of the CD3 molecule was 25.5% ± 6.8% and 30.9% ± 7.3%, the IL-10 + CD4 + cells were still found in three of three patients. The frequency of the cells diminished with time, but in three of the four individuals in whom the cells were detectable, there were still IL-10 + CD4 + T cells present 1 month after the start of treatment (Figure 6b) . By 3 months after treatment, the IL-10 + CD4 + cells were not detectable over background.
The IL-10 + CD4 + subpopulation was heterogeneous. The majority (65.9% ± 9.9%, range 42-89%) of the IL-10 + CD4 + cells were CD45RO + compared with 39.3% ± 7.8% (range 20-58%)of the IL-10 -CD4 + cells (P < 0.001), and 7.9% ± 2.1% of the CD45RO + CD4 + cells were IL-10 + compared with 1.1% ± 0.4% of the CD45RO-CD4 + cells (P < 0.05). In addition, the IL-10 + CD4 + cells expressed CCR4 on their cell surfaces (68.3% ± 12.0%, range 44.5-83%), unlike the
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The PBMCs were cultured for 72 hours in the presence of plate-bound OKT3 or soluble hOKT3γ1(Ala-Ala) (1 µg/ml) and anti-CD28 mAb (1 µg/ml). Culture supernatants were harvested and cytokine concentrations were measured using CBA beads by flow cytometry. In the absence of anti-CD3 and anti-CD28 mAb's, the following concentrations of cytokines were measured in supernatant fluids: IFN-γ, 137 ± 55.5 pg/ml; IL-10, 10.1 ± 2.9 pg/ml; IL-5, 14.5 ± 5.4 pg/ml. A pg/ml; B P < 0.01; C P < 0.001 in paired comparison; D P ≤ 0.05; E P ≤ 0.01; F P ≤ 0.001 vs hOKT3γ1(Ala-Ala).
Table 2
Percentage of cells with intracellular cytokines measured by flow cytometry IL-10 -CD4 + cells (14.0% ± 9.3%, range 3.5-32.6%, P = 0.05) (Figure 6c ). The majority of the IL-10 + cells were CCR5 -(21.8% ± 7.5%, range 8.6-34.5%), which was not significantly different from the IL-10 -CD4 + cells (4.5% ± 3.7%, range 0-11.9%). The expression of CD62L was minimally lower on IL-10 + (35.8 ± 6.6 compared with IL-10 -(39.6 ± 7.1) (P = 0.1), consistent with activation in at least some of the cells. We found that 93.5% of the IL-10 + CD4 + cells were CD25 -, which was similar to the IL-10 -CD4 + cells (93.1%). Their expression of CTLA-4 on IL-10 + or IL-10 -T cells was similar to background levels. However, there was a higher proportion of IL-10 + CD4 + T cells with surface expression of TGF-β (12.6% ± 4.8%) compared with the IL-10 -CD4 + cells (0.28% ± 0.18%) (P = 0.057).
Discussion
These studies demonstrate that hOKT3γ1(Ala-Ala) has activation properties that differ substantially from the parent compound OKT3 or even other humanized FcR nonbinding anti-CD3 mAb's and suggest a mechanism whereby the drug may modulate autoimmune responses involved in type 1 diabetes. The differences in the activation properties of these anti-CD3 mAb's have important implications for use in clinical medicine. First, although hOKT3γ1(Ala-Ala) induces calcium-like flux OKT3 in short-term studies in vitro, the cytokines produced in response to the two mAb's are different. Overall, the quantity of cytokines produced in response to hOKT3γ1(AlaAla) is less than OKT3, and hOKT3γ1(Ala-Ala) preferentially induces IL-10, whereas cells stimulated with OKT3 produce more IFN-γ on a molar basis. Earlier studies in murine systems indicated that FcR nonbinding anti-CD3 caused anergy, rather than activation, of previously activated Th1 cells. Increases in intracellular calcium were not observed when murine T cell clones were cultured with a FcR nonbinding anti-CD3 mAb (25) . It should be noted, however, that NFAT was clearly shown to translocate in these cells consistent with at least a small Ca ++ flux (26) . Like other anti-CD3 mAb's, there is specificity of the activation effects of hOKT3γ1(Ala-Ala) for previously activated (CD45RO + ) T cells. Indeed, nonFcR binding anti-CD3 mAb's have been shown to induce apoptosis of activated human T cells (34) (35) (36) (37) .
Partial T cell receptor (TCR) agonists induce different signaling pathways compared with those activated
Figure 5
Induction of cytokines by anti-CD3 mAb's. CD45RO + -and CD45RO --enriched T cells were separated with paramagnetic beads and cultured with either OKT3 (10 µg/ml) or hOKT3γ1(Ala-Ala) (10 µg/ml) with anti-CD28 (1 µg/ml) in wells coated with RAM antibody (10 µg/ml) for 6 hours in the presence of monensin. The cells were then stained with mAb's to CD45RO and CD3, fixed and permeabilized, and stained for intracellular cytokines as described in Methods, then analyzed by flow cytometry. For analysis, electronic gates were placed around the CD3 + CD45RO + or CD3 -CD45RO -subsets.The percentage of gated cells staining for each cytokine are shown in the upper-right corner of each dot plot. by OKT3. These signaling responses at the molecular level may account for differences in cell activation. Studies with the murine analogue of hOKT3γ1(AlaAla) and murine T cell clones showed that the FcR nonbinding anti-CD3 mAb induced similar phosphorylation of CD3ε and p21δ, but less phosphorylation of p23δ and ZAP-70 kinase and minimal phospholipase Cγ1 phosphorylation compared with FcR binding anti-CD3 (25) . In contrast to TCR agonists, which cause association of active lck and active ZAP-70 with p120-GTPase-activating protein (p120-GAP), partial agonists of the TCR did not activate lck or ZAP-70 but induced association of p120-GAP with inactive ZAP-70 (38) . Studies with another humanized FcR nonbinding anti-CD3 mAb, HuM291, have described greater sustainable phosphorylation of extracellular signal-regulated kinase-2 compared with OKT3 (34, 35, 39) . Hu291, however, induced IFN-γ, TNF-α, and IL-6 after the first dose of drug and induced rapid apoptosis of T cells. Therefore, the constant region of the anti-CD3 Ig reflected in the comparison of OKT3 with hOKT3γ1(Ala-Ala), as well as the TCR affinity for the ε chain reflected by the comparison of hOKT3γ1(AlaAla) and the reported effects of Hu291, influence the activation properties of TCR agonists.
Second, in vivo, hOKT3γ1(Ala-Ala) induces IL-10 and IL-5 production, whereas OKT3 and other nonFcR binding anti-CD3 mAb's have been shown to be potent stimulators of IFN-γ release. The early induction of IL-10 without IFN-γ in vivo may account for the immune modulatory properties of hOKT3γ1(AlaAla) by affecting the autoimmune response toward a nonpathogenic phenotype. Several reports in different animal models of autoimmune diseases such as type 1 diabetes have implicated IFN-γ as an important mediator in the autoimmune attack on islet cells, either through its direct cytotoxic effects on β cells or indirectly through the induction of immune effectors (40) (41) (42) (43) (44) . In contrast, production of IL-10 and IL-5 promote development of "protective" Th2 cells in mice (45) (46) (47) . Altering the phenotype of cells expressing the TCR from pathogenic T cells toward a Th2 phenotype can render those cells nonpathogenic in rodent models of type 1 diabetes and may account for the protective effects of IL-10 in the NOD mouse (41) . The mechanisms, however, involved in the effects of immune deviation are not clear, since the outcomes of experiments depend on the experimental system studied (48) . Indeed, some investigators have postulated that the protection from autoimmune diabetes with Th1 to Th2 cytokine shifts in the NOD mouse is the outcome rather than the cause of resistance elicited by immunostimulation (49) . Our findings, both in terms of the acute activation effects as well as the chronic effects of the drug involving induction of IL-10 + CD4 + CCR4 + T cells are consistent with activation and/or deviation of immune responses toward a Th2 phenotype (50) . The fact that the activation properties of hOKT3γ1(Ala-Ala), characterized in vitro, were reflected by our findings in vivo, suggest that the immune deviation induced by the mAb is the cause rather than the outcome of the effect of the drug on type 1 diabetes.
Results from studies in the NOD mouse have suggested that anti-CD3 mAb induces a population of regulatory cells that inhibit diabetogenesis and induce tolerance to the disease (12) . The effects of the mAb in mice was long lasting, even after the drug administration was discontinued. They could not be explained simply by the elimination of pathogenic cells. Diabetogenic cells were still present in the mice at a time after treatment, but were blocked from causing disease. Cyclosporin A prevented the induction of tolerance suggesting that cytokine production may be important in the mechanism of anti-CD3 mAb. Our studies in patients with type 1 diabetes are also consistent with establishment of regulatory mechanisms following non-FcR binding anti-CD3 mAb treatment. The clinical effects of the drug treatment persisted for beyond 1 year after drug treatment, at a time when the numbers of circulating T cells were normal and mAb could not be detected on their surfaces or in the peripheral blood.
After the initial effects in inducing cytokine release, the drug induces cells that may account for the effects of the drug through immune regulation. We identified a population of IL-10 + CD4 + T cells in the peripheral blood at the conclusion and after treatment in five of six drug-treated patients in whom these studies were done. While this finding suggests that these cells are induced in the majority of drug-treated patients, a larger study will be needed to determine the actual prevalence of these cells. The IL-10 + CD4 + T cells diminished with time, but were still detectable over background levels 1 month after drug treatment in three-quarters of the patients. In this regard, IL-10 itself or the CD4 + cells that produce IL-10 may affect the autoimmune effectors directly by the cytokines they produce or as regulatory T cells that can suppress antigen-specific responses (51, 52) . Activation of human T cells in the presence of IL-10 has been found to induce anergy or nonresponsiveness of T cells that cannot be reversed by culture with anti-CD3 with anti-CD28 mAb's (51). In the NOD mouse, systemic administration of an IL-10/Fc fusion protein prevented the occurrence of diabetes with lasting protection after treatment was discontinued, and T cell clones transduced with the IL-10 gene prevented diabetes in the NOD mouse (53, 54) The phenotype of the IL-10 + CD4 + T cells is similar to other reports of regulatory cells. Sebastiani et al. identified a subpopulation of IL-10 + CD4 + regulatory T cells that block, in an IL-10-dependent manner, the differentiation and maturation of dendritic cells, thereby impairing their capacity to activate Tc1 and Th1 effector cells (55) . However, the cells reported by Sebastiani et al. expressed both CCR4 and CCR5, whereas a report by Iellem et al. identified CCR4 and CCR8 expression on CD4 + CD25 + regulatory T cells (56) . In preliminary studies, we have been unable to induce further cytokine production in CD3 + T cells in drug-treated patients by culture with cross-linked anti-CD3 mAb and anti-CD28, suggesting that these cells are anergic (unpublished observations). Dieckmann et al. have shown that anergized CD4 + CD25 -T cells can then suppress proliferation of syngeneic CD4 + T cells via an IL-10-dependent mechanism that is independent of cell contact (57) .
Interestingly, we found that the surface expression of TGF-β was greater on the IL-10 + cells compared with the IL-10 -CD4 + cells. The role of TGF-β in regulatory T cell activity has been controversial -some investigators have found that suppressive activity of CD4 + CD25 + T cells is partially inhibited by anti-TFG-β Ab's, whereas others have reported that this activity is independent of TGF-β (58, 59). Roncarolo et al. have found that the regulatory function of CD25 + CD4 + T cells is partially dependent on TGF-β, but these cells are distinct from IL-10 + CD4 + Tr1 cells (60) . Thus, further studies will be needed to determine the functional role of the IL-10 + cells and the importance of their surface expression of TGF-β.
In summary, the structural alterations in the anti-CD3 molecule OKT3 to produce hOKT3γ1(Ala-Ala) have resulted in an anti-CD3 mAb with activation properties that are distinct from the parent molecule or other anti-CD3 mAb's and suggest a mechanism for immune modulation by the drug. Acutely, hOKT3γ1(Ala-Ala) induces activation of T cells resulting in production of IL-10 in CD45RO + T cells. Afterward, the mAb induces a heterogeneous population of CD4 + IL-10 + cells. The functional role of the IL-10 + T cells is under study, but these observations suggest a mechanism whereby activation of T cells with FcR nonbinding anti-CD3 mAb may skew immunologic responses and/or induce a population of regulatory cells.
